ABSTRACT
INTRODUCTION

46
In sensory neurons, normal transduction occurs in the periphery with action 47 potentials subsequently propagating towards the CNS. Moreover, there is evidence 48 suggesting that ectopic impulses that contribute to chronic pain can originate in and 49 propagate along small-diameter afferents within injured or diseased peripheral nerves 50 (Amir and Devor 1993; Meyer et al. 1985; Serra et al. 2012; Serra et al. 2011 ).
51
However, while substantial information is available concerning membrane properties 52 and ion channel expression within the cell bodies of nociceptive dorsal root ganglion 53 (DRG) neurons (Caffrey et al. 1992; Cummins and Waxman 1997; Kostyuk et al. 54 1981), the small diameter of the nociceptive axons and free nerve endings that arise 55 from these cells has made it difficult to estimate their membrane properties and 56 electrogenic characteristics.
57
Pharmacological studies using extracellular and compound action potential 
83
Immunocytochemical studies have demonstrated the presence of the Na V 1.6, 84 Na V 1.7, Na V 1.8 and Na V 1.9 sodium channel isoforms along the trunks of peripheral 85 C-fibers (Black et al. 2002; Black and Waxman 2002; Renganathan et al. 2002; Rush 86 et al. 2005a; Rush et al. 2005b ) and have recently demonstrated these sodium 87 channel isoforms within the epidermal free nerve endings of C-fibers (Persson et al. 88 2010). However, Na V 1.6, Na V 1.7, and Na V 1.9 all inactivate at depolarized membrane diameter that varied along the axonal shaft between < 0.5 and 0.8 µm over most of the 180 axon trajectory. For the axons studied, the most distal 20-40 µm of the shaft 181 immediately proximal to the axon ending tended to exceed 0.8 µm in diameter, with the 182 tip of the axon ending (about 5 µm length) forming an expansion of 1.5-3 µm width.
183
Along the remaining axon shaft the diameter was less than 0.8 µm for 85-90% of the 184 axon trajectory, with diameter exceeding 0.8 µm for less than 10-15% of the total axon 185 length, and only rarely exceeding 1.0 µm (Fig. 1) . Axon input resistance was relatively 186 high, ranging from 310 MΩ to 1846 MΩ (1138 ± 97 MΩ, n = 21). The recording site was 187 several length constants away from the DRG neuron soma to ensure electrotonic 188 isolation (Fig. 1) . None of the distal axons studied gave rise to terminals that contacted 189 other neurons.
190
Resting membrane potential ranged from -68 mV to -53 mV (-60.2 ± 1.0 mV, n 191 = 21) in these axons when measured within 30 seconds after establishing whole-cell 192 configuration (Fig. 2) . Action potentials were evoked 5 minutes later, when resting Table 1 .
211
To determine whether Na V 1.8 channels can support action potentials in these 212 axons, we injected depolarizing current that reduced membrane potential to -40 mV, 213 a potential at which the other sodium channels functionally expressed in small DRG 214 neurons, with the exception of Na V 1.8 isoform, are inactivated (Cummins et al. 2007; 215 Cummins and Waxman 1997). Overshooting action potentials still could be evoked 216 from -40 mV baseline membrane potential (Fig. 4A) . Moreover, 10 out of 11 axon 217 terminals studied using this protocol were able to generate repetitive firing during 200 218 ms depolarizing test current pulses when evoked from -40 mV baseline potential.
219
Compared to action potentials evoked from -60 mV baseline potential, action 220 potentials evoked from -40 mV baseline membrane potential displayed reduced 221 current threshold (29.1 ± 2.4 pA at -40 mV and 46.4 ± 6.2 pA at -60 mV, n = 11, p < 222 0.05) , depolarized voltage threshold (-18.7 ± 1.7 mV at -40 mV and -30.3 ± 1.1 at -60 223 mV, n = 11, p < 0.001), increased action potential duration at 0 mV (4.3 ± 0.5 ms at -224 40 mV and 2.4 ± 0.2 ms at -60 mV, n = 11, p < 0.01), decreased action potential 225 maximal rise slope (55.5 ± 7.8 mV/ms at -40 mV and 90.9 ± 9.3 mV/ms at -60 mV, n 226 = 11, p < 0.01), decreased absolute value of action potential maximal decay slope (-227 18.2 ± 5.8 mV/ms at -40 mV and -41.1 ± 3.5 mV/ms at -60 mV, n = 11, p < 0.01), and 228 depolarized undershoot (-40.3 ± 3.2 mV at -40 mV and -60.1 ± 2.5 at -60 mV, n = 11, 229 p < 0.001), but did not display significantly different action potential overshoot (43.3 ± 230 2.6 mV at -40 mV and 45.8 ± 2.3 mV at -60 mV, n = 11, p > 0.05) (Fig. 4A-B) . (135.8 ± 13.7 mV/ms at -80 mV and 90.9 ± 9.3 mV/ms at -60 mV, n = 11, p < 0.05),
238
increased absolute value of action potential maximal decay slope (-53.9 ± 3.9 mV/ms 239 at -80 mV and -41.1 ± 3.5 mV/ms at -60 mV, n = 11, p < 0.05), and hyperpolarized 240 undershoot (-67.8 ± 2.3 mV at -80 mV and -60.1 ± 2.5 at -60 mV, n = 11, p < 0.05), TTX-R Na V 1.8 sodium channel (Kostyuk et al. 1981; Renganathan et al. 2001; 293 Waddell and Lawson 1990). Although application of 300 nM TTX did not abolish 294 action potential generation in any of the axons studied (n = 6), its effect on action 295 potential electrogenesis was significant. At a membrane potential of -60 mV TTX 296 depolarized voltage threshold by 8.1 mV (from -31.9 ± 2.0 mV in control to -23.8 ± 2.4 297 mV in 300 nM TTX, n = 6, p<0.05) and increased current threshold by 81% (38.3 ± 298 7.1 pA in control and 69.2 ± 11.5 pA in the presence of TTX, n = 6, p<0.05) (Fig. 7 A, 
299
B; Fig. 8 A, C) . In contrast, when membrane potential was depolarized to -40 mV, 300 where TTX-S fast sodium channels expressed in DRG neurons are inactivated but 301 Na V 1.8 TTX-R channels are still available for activation, TTX did not significantly 302 affect the voltage threshold (-22.2 ± 1.8 mV in control; -18.6 ± 1.6 mV in TTX, n = 6, 303 p>0.05 ) or the current threshold (25.8 ± 3.5 pA in control; 30 ± 7.6 pA in TTX, n = 6, 304 p>0.05) (Fig. 7 C, D; Fig. 8 B, D) . Repetitive firing was present in axons stimulated at 305 -40 mV after exposure either to 300 nM TTX (Fig. 7 C, D) or to 100 µM CdCl 2 (Fig. 9 did not abolish the inflection point on the falling phase of action potential (Fig. 10 ),
312
suggesting a substantial contribution of sodium channels to the production of the 313 shoulder on the falling phase of the action potential.
314
We further studied the contribution of TTS-S and TTX-R sodium channels to (Fig. 11A, upper panel) .Both TTX-S and TTX-R sodium 318 currents were present in the distal axons (Fig. 11A, lower panel) . The peak sodium 319 current was 176.4 ± 27.8 pA (n=4); the amplitude of TTX-S and TTX-R currents were 320 136.6 ± 21.2 pA (n=4) and 68.6 ± 29.5 pA (n=4), respectively (Fig. 11B ). Application 321 of 10 mM lidocaine blocked the TTX-R current by 89% as expected for a TTX-R 322 sodium current (n=2, Fig. 11B ). Thus both TTX-S and TTX-R sodium channels 323 contribute to action potential electrogenesis in the distal axons of cultured small DRG 324 neurons, although the contribution of TTX-S channels is reduced by depolarization.
325
The effect of TTX on action potential parameters is summarized in Table 2 . Na V 1.7, Na V 1.8 and Na V 1.9 sodium channels along the trunks of C-fibers (Black et al. immunoreactivity for the TTX-sensitive sodium channels Na V 1.6 and Na V 1.7, and the 347 TTX-resistant channels Na V 1.8 and Na V 1.9, within epithelial free nerve endings, rise time 4 ms (3.2 ms); decay time 2.9 ms (2.8 ms); width at 0 mV 2.5 ms (2.8 ms); 409 half width 2 ms (1.7 ms) for distal axons (DRG neuron somas), respectively.
410
We would emphasize that our observations have been made in cultured can support action potential electrogenesis in these axons, a finding that we interpret 421 as indicating the presence of Na V 1.8, given the more rapid activation kinetics of 422 Na V 1.8 compared to the Na V 1.9, which is also TTX-resistant (Cummins et al. 1999 ). 
449
The presence of both Na V 1.7 and Na V 1.8, at resting potentials where both basis of the present results we suggest that, if C-fiber properties in vivo are similar to 461 those we have described in vitro, Na V 1.7 channels are functionally operable in these 462 small axons, so that mutations of Na V 1.7 may produce hyperexcitability not just in the
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